The laser ablation technique, coupled with the use of quadrupole ICPMS equipment, proved a powerful tool for determination of trace elements in minerals. At the University of São Paulo, the technique was implemented for the study of minerals such as olivines, pyroxenes and biotites. The main problem to be tackled is the availability of proper multi-element reference materials usually prepared synthetically as glasses with various compositions by NIST and fused rock glasses by the Max Planck Institute (MPI) and USGS (basalts, andesite, quartz diorite, komatiites). The best tested ones are the NIST glasses, with good homogeneity and reliable compositional data for over 40 elements. Results are here presented that test additional RM's. NIST 612 and 610 were used for calibration purposes. The best results were obtained for rock glasses USGS basalts BHVO-2G, BIR-1G and BCR-2G (better homogeneity and recommended values). Our contribution tests especially the MPI komatiites glasses GOR-128 and GOR-132G, basalts KL-2G and ML-3BG, andesite StHs-6/ 80G and quartz diorite T-1G, discussing homogeneity issues and providing new data. There is a need for additional preparation of reliable reference materials.
Introduction
Inductively coupled plasma mass spectrometry, hyphenated with laser ablation (LA-ICPMS), represents an important tool for the direct chemical analyses in solid phases. The main advantage is the possibility of determining the composition even in substances with a complex matrix, as usually present in geologic and environmental materials, semi-conductors, and others. The technique has the advantage of high sensitivity, a wide range of linear intensity responses, and requiring little surface preparation, without presenting major problems with contamination issues. The obtained results can be expressed as either elemental or isotopic proportions and the spatial resolution is of the order of 10 to 300 µm and depth resolution is about 60 nm per pulse [1] .
Mass spectrometers can isolate ions with a positive charge effectively by their mass/charge relations. Three types of equipments are available, each one with its own advantages and shortcomings, the quadrupole setting, the time-of-flight performance and the high-resolution sector arrangement.
The quadrupole mass spectrometer setting is the most cost-effective, and hence has become the preferred instrument in many laboratories. The equipment generates voltage intervals and radiofrequencies that can stabilize a definite ion within the quadrupole rods and guide it towards the detector window. Given a predefined setting, ions with a different mass-to-charge ratio will become unstable and be eliminated within the vacuum system. All the desired spectra of ionic masses can be quickly scanned within the quadrupole. Although this analyzer works in a sequential fashion, it can separate efficiently more than 5000 atomic mass units (amu) per second [2] .
Therefore, Q-ICPMS equipments associated with laser ablation can perform very fast multi-element determinations of over 40 elements, with sensitivities of the order of ng•g −1 in any mineral phase, or of materials hidden within them, such as fluid inclusions, in a time-span that does not exceed 1 or 2 minutes of operation.
These techniques opened up new fields of research in igneous petrology, mineralogy and geochronology, determining the distribution of trace elements in several phases (both solid as well as liquid), and enabling also the calculation of the corresponding partition coefficients between mineral pairs, or mineral phases and melts [3] [4].
The main drawback of the quadrupole setting associated with LA is the possibility of isotopic fractionation during analysis, a subject widely discussed in the literature [5] [6] , as well as the lack of adequate Certified Reference Materials (CRM) for most of the analyzed minerals, a deficiency that may be corrected with the preparation of new homogeneous synthetic materials [7] . Many such multi-elementary synthetic or natural materials are already available, such as the well-certified NIST 610 and 612 glasses and the synthetic materials prepared by melting of rock powders [8] [9] . The NIST RM's are synthetic glasses with around 40 elements, present in amounts close to 30 mg•kg −1 in the 612 sample, and up to 500 mg•kg −1 in the 610 material. They were used in this contribution as calibration materials. The USGS substances, widely considered the best RM's, are the basaltic glasses BHVO-2G, BIR-1G and BCR-2G, already subjected to many determinations. The Max Planck Institute prepared several additional glassy RM's, such as the komatiites GOR-128 and GOR-132G, the basalts KL-2G and ML-3BG, the andesite StHs-6/80G and the quartz diorite T-1G, still to be tested, as far as certified values and homogeneity is concerned.
The implementation of this methodology at our laboratory started with the handling and analytical determinations using NIST materials for calibration, followed by analytical determinations of the USGS synthetic basaltic glasses (BHVO-2G, BIR-1G and BCR-2G) [8] , and, additionally, of the substances offered by the Max Planck Institute [10] . The results obtained for these reference materials during the last 4 years of analytical determinations in our laboratory (where these materials were also analyzed as unknown substances) are here presented and discussed.
Analytical Methodology
The indications given in [11] were used as a basis for the implementation of the analytical methodology for trace element determinations in minerals in thin section and in reference materials with the LA-Q-ICPMS methodology.
Mean analytical time spent for analyzing up to 44 elements was 120 s (60 s for reading a blank, 60 s for preparing the instrument and reading results from the analyzed sample). Intensities in cps are calculated as concentrations in real time by the Glitter ® software (developed by the GEMOC program, Geochemical Evolution and Metallogeny of Continents, Macquarie University, Australia) [12] .
Our results were obtained from the determination of the before-mentioned RM's (USGS basalt glasses BHVO-2G, BIR-1G and BCR-2G; Max Planck's komatiites GOR-128 and GOR-132G, basalts KL02G and  ML03BG, quartz diorite T-1G , andesite StHs-6/80G). The obtained results were processed with the Glitter ® software [12] for drift correction with the use of an internal standard, together with a check on background, spectral signs and analytical quality, and finished with the calculation of results in weight units. Instrumental parameters are listed in Table 1 , and data on the analytical performance are quoted in Table 2 and Table 3 .
The analyzed elements and their masses (cited in Table 3 ) were determined with a dwell time of 8.3ms and integration time of 1660 ms; total time of analysis was 120 s, the first 60 s measuring the background gas fluxes (Helium, He and Argon, Ar) reaching the plasma after passing through the sample cell, followed by 60 s devoted to data acquisition of the materials removed from the laser spot.
The sequence for data acquisition is as follows: Nist-612 (a), Nist-612 (b), sample (1), ···, sample (6), Nist-612 (c), Nist-612 (d), sample (7), ···, sample (14), Nist-612 (e), Nist-612 (f).
Cleaning was performed after each sample analysis for about 2 minutes with He fluxes, a procedure that stabilizes rapidly the background values, more so than an alternative method, such as obtained with the use of Argon gas. Readings from Nist-612 (a, b, c, d, e, f) were used as an internal standard and for drift correction during the entire 1-hour analytical work. The entire procedure lasts about 3 hours, counting also laser and plasma stabilization times at the beginning of the determinations.
Isotopic Eu, and several others, can however be ignored, since they are usually very limited in dry plasmas, with hydroxyl and oxygen absent. The daily rate of generation of oxide was controlled holding ThO + formation lower than 1%. The formation of double-charged species, such as Ba 2+ , was kept to a maximum of 3%, controlling the gas fluxes. Determination of elemental concentrations can be achieved by means of any of the three cited methods: 1) Entirely by external calibration with a solid reference material; 2) External calibration with a solid reference material coupled with internal standardization; 3) Calibration using solutions. In our laboratory, the second type of calibration was implemented. The external reference material was used simultaneously with an internal standard. This procedure represents a more robust calibration method, since a correction can be applied on the ablation yield of the sample (the mass of removed material) and the external reference material. The methodology is especially adapted for use with the Glitter ® software [13] . In addition, matrix effects and signal drift can also be corrected. In practical terms, the internal standard is represented by a major constituent found in known concentrations both in the sample and the reference material. Calcium, in particular, has proven to be an excellent internal standard for many minerals and the NIST glasses. The three minor isotopes of the element (42, 43, 44) can be used better for calibration purposes, since their ablation behavior is similar to the one shown by petrogenetically important minor elements (e.g., REE). For correction purposes, it is assumed that the signal drift occurs linearly with time and at a similar rate for all isotopic masses. When Ca is present in concentrations below 1%, other elements can be used as internal standard, such as Mg our even Si.
The concentration of elements, even though calculated directly with the Glitter ® software [12] , can also be obtained by defining the intensity integration points for background and the sample analyzed by laser, using the Equation ( terial, respectively. Calculation of this detection limit was defined [13] by Equation (3), below:
where BCG σ is the standard deviation of replicate analysis of the pre-ablation background identification; BCG N and PK N are the number of replicate determinations used for background and peak signal integration, respectively; S is the normalized sensitivity in cps per unit of concentration for the reference material (see Equation (1)); Y the ablation yield relative to the reference material, determined from the counting intensity measurement and the known concentration of the internal standard.
Detection limits of about tens of ng•g −1 are expected for present-day instruments, for a moderate spatial peak resolution between 30 to 40 µm. Higher spatial resolutions (of the order of 10 μm) will present detection limits at the mg•kg −1 range, lower resolutions (>100 μm) at a sub-ng•g −1 range. Detection limits are calculated for each element in each sample directly by the Glitter ® software (cf. Equation (3) [13] ). In Table 4 are presented average values and standard deviations of detection limits obtained for elements in several analytical runs.
Obtained Results
Data obtained during the last 4 years in our laboratory for USGS basaltic glasses BCR-2G, BIR-1G and BHVO-2G are listed in Tables 5-7 . These RM's were used as quality control standards with 30 to 60 obtained values for each analyzed element. Reference values for LA-ICPMS are quoted in [11] and in [10] . In the GEOREM site [14] preferred values are also listed with a mention of the used analytical technique.
Data obtained for the Max Planck Institute basaltic glasses KL-2G and ML-3BG, andesite StHs-6/80G, quartz diorite T-1G and komatiites GOR-128 and GOR-132G are quoted in Tables 8-13 (six to twelve determinations for each material).
Data obtained for materials BHVO-2G, BCR-2G and BIR-1G were calibrated against the synthetic glasses Nist-610 or 612, while the RM from the Max Planck Institute were calibrated exclusively against Nist-612.
Discussion of Results
The obtained values for the analyzed elements (Tables 5-7) in the basaltic glasses BHVO-2G, BCR-2G and BIR-1G are represented in graphical form in Figure 1 , with variations found in analytical results obtained in relation to the preferred mean, taking as mean values the ones quoted in [11] , determined with the LA-Q-ICPMS technique. Variation diagrams for REE normalized with respect to values of C1 chondrite ( [16] and [17] ), are presented in Figure 2 .
Most obtained values for the referred glasses lie within an interval of ±15% of the reference values of the cited elements, as determined by the LA-Q-ICPMS technique in [11] . The data in Figure 2 also indicate a general compliance with the published contents for the REE elements in three reference materials. Beryllium, uranium and Mo for the BIR-1G and P for BCR-2G are the elements showing the highest deviation from the recommended values. Figures 3-5 show the variations in obtained and preferred mean values for the Max Planck RM's (basaltic glasses KL-2G and ML-3BG, andesite StHs6/80G and quartz diorite T-1G, komatiites GOR-128 and GOR-132G). In these diagrams the observed errors are calculated for our obtained results compared with the preferred values for these materials cited in [17] .
Variations diagrams for REE are presented in Some obtained values shown in Figure 4 are higher than the recommended figures cited for the medium to heavy REE and for Y, Zr, Mo and Ti in the quartz diorite T-1G, but lower than the recommended figures for Cr, Pb, Ni and Zn. These results may be caused by some tiny inhomogeneity of the reference material, locally concentrating heavy REE and HFSE and diluting the concentration of elements like Cr, Pb, Ni, Zn and Sn, as shown by [18] for the RM ATHO-1G.
The obtained values compared with the expected ones for the andesite glass StHs6/80G are somewhat outside the limit of ±15% for the following elements: Li, Cr, Co, Ni, Cu, Ga, Rb, Mo and Cs. Chromium and Ni deficiencies are also observed in T-1G, possibly indicating calibration problems, other than inhomogeneous distribution. The REE variation diagram, presented in Figure 7 , shows that the obtained values for andesite StHs6/80G is very close to the expected values, while the medium to heavy REE in T-1G shows increased values.
In komatiite GOR-128 (Figure 5) , the main elements showing diminished values in relation to the expected ones are Li, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Mo, Cs, Pb, U. In sample GOR-132G ( Figure 5 ) the same relationship is observed for elements Ni, Cu, Zn, Rb, Mo, Cs, Ce, Th and U. These elements show values that are very much increased or diminished when compared with NIST-612, which may not be the best calibration material to be used for this exercise. On the other hand, lack of homogeneity (see [19] and [20] ) may be another explanation, possibly caused by quench crystallization of olivine, which could sequester some elements. A larger set of analytical data, not restricted to our limited number of determinations, is needed. The REE variation diagrams presented in Figure 8 (komatiites) show that the obtained values are close to the certified values.
Conclusions
The obtained values for the several reference materials made available by the USGS and the Max Planck Institute cover a rather wide spectrum of elemental abundances for the over 40 elements determined with the LA-Q-ICPMS technique, the methodology used in this contribution. The used technique provides high quality results, in terms of analytical accuracy, and is also very fast. The samples can be prepared as thin sections, with a thickness of around 40 to 60 microns, or as mineral grains mounted within polished epoxy resins.
Interferences can be kept at minimum levels, a result achieved with the use of dry plasma, thereby diminishing the influence of agents such as present in aqueous acid systems (O Ce, and others may interfere on medium and heavy REE, even if the level of oxides is kept below the recommended value of 1%. Increased values of some REE may be caused by the generation of several spurious REE molecular species (e.g. [21] ). The point is illustrated in Figure 6, 
T-1G
StHs6-80G Figure 5 . Average values obtained in relation to preferred values for several elements in komatiite glasses GOR-128 and GOR-132G, compared with the mean certified values cited in [17] , cf. Table 12 and Table 13 . The rock glasses prepared by the Max Planck Institute cover an adequate spectrum of elements important for studies in igneous petrology, but the materials seem to present a lack of homogeneity for some elements, depending on the analyzed mass and of the spot used for identification [15] and may therefore be the cause for the observed discrepancies in obtained results. More tests are certainly needed to test statistically this hypothesis, in order to certify these glasses as proper equivalents of the USGS materials.
The use of internal standards, especially MgO and CaO, is a necessary tool to standardize obtained results with our discussed technique. But many minerals may lack sufficient contents of CaO to be subjected to the LA-Q-ICPMS methodology, a fact that limits the scope of the glasses prepared by NIST, with low to very low MgO contents [22] [23] . Another factor to be considered is the possibility of fractionation of many elements, depending on the used internal standard [24] . There is certainly a need to continue the search for an adequate preparation of proper rock standards to be used for LA studies in minerals. tion of the spectrometer Q-ICPMS (1999/04824-9) and Laser Ablation System (2004/08856-2) and maintenance and update of the Laboratório de Química e ICP-OES/MS of the Instituto de Geociências, University of São Paulo. This is a contribution of the newly created Geoanalítica-USP Core Facility at the same institute, devoted to mineralogical and petrological studies. Support was also provided by a grant from FAPESP (Nr. 2012/ 06082-6, coordinator, Prof. Excelso Ruberti). 
